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Improving the performance of
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The performance of polyamide/polyethylene multilayer nanocomposite films for food packaging was optimized by tuning the co-extrusion
processing conditions and film layout.
There is great potential for nanotechnology to enhance the properties
of food packaging (in terms of, e.g., the mechanical, barrier, and antimicrobial properties). There remain, however, a number of important
issues to consider. These issues center on safety concerns, and the challenges around industrial scale-up. A feasible solution for overcoming
one concern—the problem of possible nanoparticle migration—may be
the use of a functional barrier between the nanomaterial and the food
being packaged.
A wide range of studies have been devoted to polyamide (PA)-based
nanocomposites.1–8 Such nanocomposites have found a wide range of
applications in, for example, the automotive, packaging, and engineering industries. However, few investigations have been carried out on the
use of multilayer systems for flexible film packaging applications.9–12
We have developed multilayer packaging films that incorporate a
PA/layered-silicate nanocomposite (as the oxygen barrier layer) and
low-density polyethylene (PE, as the moisture-resistant and weldable
layer).13 To fabricate our films, we used laboratory-scale blown coextrusion equipment operating under different processing conditions
and with varying film layouts. We subsequently tested their performance. Our aim is to determine the key parameters for performance
improvement and to assess the potential applicability of these films on
an industrial scale.
In particular, we fabricated the nanocomposite layers by meltcompounding copolyamide 6/66 (CS40LXW, Radici Group) with two
different commercial organomodified layered silicates, i.e., Cloisite
30B (C30B) and Dellite 43B (D43B). Table 1 summarizes the characteristics of the coextruded structures (i.e., S1, S2, and S3) that we
produced and subsequently analyzed in terms of their transport properties. We also performed overall migration tests to obtain preliminary

Figure 1. Water-vapor transmission rates (WVTR) of neat and
nanocomposite copolyamide multilayer structures with different film
layouts. The standard deviations of all WVTR values were less than
5%. C30B: Cloisite 30B. D43B: Dellite 43B. The structure types (S1,
S2, and S3) are detailed in Table 1.

data regarding the possibility of using a functional barrier in flexible
multilayer nanocomposite systems.
In Table 2, we compare the oxygen transmission rates (OTR) of the
neat and nanocomposite multilayer structures for different film layouts. With respect to the corresponding unfilled systems, and compared to similar PA/PE commercial films,14 all the C30B and D43Bbased nanocomposite multilayer films show a significant decrease in
their OTR values (i.e., a significant increase in their oxygen barrier
properties) of 50–60%. Moreover, while the OTR values of the unfilled
systems increase with a decreasing oxygen-barrier (PA) layer thickness and with increasing film-stretching conditions (i.e., from structure
types S1 to S3), we observed different trends for the hybrid multilayer
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Table 1. Nomenclature and description of the multilayer films produced
with different layouts. tie: The adhesive layer (i.e., a linear low-density
polyethylene, PE, grafted by maleic anhydride). PA: Polyamide.
Film
type

S1

S2

S3

Film
Layer
Total film Draw
nomenclature
thicknesses thickness ratio
and layout
[m]
[m]
S1-0: PA/tie/PE
S1-C: PACC30B/tie/PE
45/8/27
80 ˙ 1
5
S1-D: PACD43B/tie/PE
S2-0: PA/tie/PE
S2-C: PACC30B/tie/PE
35/8/27
70 ˙ 3
6.5
S2-D: PACD43B/tie/PE
S3-0: PA/tie/PE
S3-C: PACC30B/tie/PE
35/8/17
60 ˙ 2
8
S3-D: PACD43B/tie/PE

Table 2. Oxygen transmission rates (OTR) of neat and nanocomposite copolyamide multilayer structures with different film layouts. The
standard deviations of all OTR values were less than 10%.
Relative thicknesses PA/tie/PE
[45/8/27] [m] [35/8/27] [m] [35/8/17] [m]
OTR
OTR
OTR
Film
Film
Film
[cm3 /m2 d]
[cm3 /m2 d]
[cm3 /m2 d]
S1-0
31.2
S2-0
39.2
S3-0
41.8
S1-C
16.7
S2-C
17.0
S3-C
23.1
S1-D
15.9
S2-D
20.1
S3-D
24.0

Table 3. Overall migration data for selected multilayer films after contact with rectified olive oil (simulant D2) at 40◦C for 10 days, using
migration cells for one-side contact.
Overall migration [mg/dm2 ]

XX
films. In particular, the OTR values of the nanocomposite films remain
essentially unchanged from type S1 to type S2. In fact, as our x-ray diffraction and differential scanning calorimetry results show,13 the nanoclay in the S2 system achieved a higher intercalation level with respect
to the S1 system. This suggests that there are a higher number of immobilized PA chains in the thinner S2 film. Moreover, we observe an
increase in the OTR values for the hybrid films with S3 structures (compared with S2). We propose that the re-aggregation of clay platelets is
responsible for an enhancement in the mobility of PA chains and the
resultant increase in the OTR values of the films.
We also analyzed the barrier performance of the multilayer films in
terms of their water-vapor transmission rates (WVTR), and evaluated
the effect of reducing both the PA and the PE layer thickness on WVTR
values. Comparisons between these films are shown in Figure 1. Since
the water-vapor barrier function is essentially carried out by the PE
layer, the WVTR values were on average higher for the systems with a
thicker PA layer (i.e., S1-0, S1-C, and S1-D) due to its hydrophilic nature. However, it is notable that the presence of both nanofillers slightly
reduced the WVTR results of the hybrid films compared to the corresponding unfilled structures. This barrier improvement was more significant (20%) in the samples characterized by a thicker PA layer (S1-C
and S1-D). As expected, the reduction of the PE layer (from type S2 to
type S3 structures) determined an increase of the WVTR values in all
the systems.
We then performed overall migration measurements on the samples to preliminarily verify the compliance of our multilayer films
with the EU regulations for food-contact materials (i.e., Regulation
EU 10/2011). The results of these tests, carried out on the coextruded structures, are reported in Table 3. We found that our multilayer
films obtained values significantly lower than the legislation limit of

Clay type

XXX

Film type

XXX

S1
S2
S3

XX
X

Neat

C30B

D43B

0.21 ˙ 0.16 1.54 ˙ 1.30
–
0.33 ˙ 0.22 0.25 ˙ 0.19 0.28 ˙ 0.20
0.19 ˙ 0.14 0.28 ˙ 0.25
–

10mg/dm2 .
In summary, we have developed PA/PE multilayer films with nanoclays incorporated into the PA layer that are suitable for use in food
packaging. We found that the systems with thinner nanocomposite layers and, in particular, the nanocomposite filled with C30B show the
most significant increase (about 60%) in the oxygen barrier properties.
This is because the presence of two hydroxyl groups in the C30B structure promotes affinity with the carbon-oxygen bonds in the PA backbone by increasing polar interactions between the phases. The improvements to water-vapor-permeation resistance were less significant, however (achieving a maximum of approximately 20%) due to the intrinsic
hydrophilic nature of PA. The lowest WVTR values were measured for
the thickest nanocomposite film systems that incorporated D43B filler
in the PA layer. This organomodifier has a higher degree of hydrophobicity with respect to C30B. Bearing in mind the safety issues of these
hybrid films, the possibility of food contamination by the nanoparticles’ anionic intercalating agent appears to be the most important issue.
In our future work we will therefore conduct more accurate specific migration tests. We will also perform shelf-life measurements on selected
foods packaged inside of our nanocomposite multilayer films.
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14. S. Mrkić, K. Galić, M. Ivanković, S. Hamin, and N. Ciković, Gas transport and thermal characterization of mono- and di-polyethylene films, J. Appl. Polym. Sci. 99,
pp. 1590–1599, 2006. doi:10.1002/app.22513

Paola Scarfato is an associate professor of materials science and technology. Her current research focuses on the development, functionalization, and characterization of novel polymer materials, and on the
development of micro- and nanosized functional systems.
Luciano Di Maio is an associate professor of materials science and
technology. He is involved in the research areas related to thermoplastic polymer processing, including the preparation and characterization
of polymer composites and nanocomposites.
Loredana Incarnato is a full professor of materials science and technology. Her research is focused on the rheology and processing of polymers and polymer nanocomposites, polymer recycling, and biodegradable and active polymeric systems for food-packaging applications.

References
1. L. Incarnato, P. Scarfato, L. Scatteia, and D. Acierno, Rheological behavior of new
melt compounded copolyamide nanocomposites, Polymer 45, pp. 3487–3496, 2004.
doi:10.1016/j.polymer.2004.03.005
2. L. Incarnato, P. Scarfato, G. M. Russo, L. Di Maio, P. Iannelli, and D. Acierno, Preparation and characterization of new melt compounded copolyamide nanocomposites,
Polymer 44, pp. 4625–4634, 2003. doi:10.1016/S0032-3861(03)00360-4
3. E. Garofalo, G. M. Russo, L. Di Maio, and L. Incarnato, Study on the effect of uniaxial elongational flow on polyamide based nanocomposites, Macromol. Symp. 247,
pp. 110–119, 2007. doi:10.1002/masy.200750113
4. E. Garofalo, G. M. Russo, L. Di Maio, and L. Incarnato, Modelling of mechanical
behaviour of polyamide nanocomposite fibres using a three-phase Halpin-Tsai model,
e-Polymers 9, pp. 670–685, 2009. doi:10.1515/epoly.2009.9.1.670
5. E. Garofalo, G. M. Russo, P. Scarfato, and L. Incarnato, Nanostructural modifications
of polyamide/MMT hybrids under isothermal and nonisothermal elongational flow, J.
Polym. Sci. Part B: Polym. Phys. 47, pp. 981–993, 2009. doi:10.1002/polb.21706
6. G. M. Russo, G. P. Simon, and L. Incarnato, Correlation between rheological, mechanical, and barrier properties in new copolyamide-based nanocomposite films, Macromolecules 39, pp. 3855–3864, 2006. doi:10.1021/ma052178h
7. E. Garofalo, M. L. Fariello, L. Di Maio, and L. Incarnato, Effect of biaxial drawing on
morphology and properties of copolyamide nanocomposites produced by film blowing,
Eur. Polym. J. 49, pp. 80–89, 2013. doi:10.1016/j.eurpolymj.2012.09.024
8. G. Cricrı̀, E. Garofalo, F. Naddeo, and L. Incarnato, Stiffness constants prediction of
nanocomposites using a periodic 3D-FEM model, J. Polym. Sci. Part B: Polym. Phys.
50, pp. 207–220, 2012. doi:10.1002/polb.23001
9. C. Thellen, S. Schirmer, J. A. Ratto, B. Finnigan, and D. Schmidt, Co-extrusion
of multilayer poly(m-xylylene adipimide) nanocomposite films for high oxygen barrier packaging applications, J. Membrane Sci. 340, pp. 45–51, 2009.
doi:10.1016/j.memsci.2009.05.011

c 2017 Society of Plastics Engineers (SPE)

